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The Hongyanjing inter-arc basin, is located at the central part of Beishan Orogenic College (BOC), Gansu
Province, northwest China. Thick sequences of Permian sediments were strongly folded, forming
extremely spectacular superposed folds. To better understand the thermal history of Hongyanjing inter-
arc basin and to potentially constrain the timing of deformation, apatite ﬁssion track thermochronology
method was applied on two superposed folds in the Hongyanjing Basin. Samples from the basin, yield
central AFT ages ranging fromw206 to 118 Ma. AFT peak ages were largely consistent between samples
and can divided into three groups: 245, 204e170 and 112e131 Ma. Subsequent thermal history modeling
of the samples from the Hongyanjing Basin can be summarized as follows: (1) thermal reheating by
sedimentary burial at w 260 to w220 Ma; (2) major cooling from w220 to w180 Ma; (3) an episode
of very slow subsequent cooling from w180 to 65 Ma (w80 C) to present-day outcrop
temperatures. Sediments in the Hongyanjing Basin were folded forming F1 fold during the early to late
Triassic (w240ew220 Ma), by regional stress, and at the time that the adjacent Xingxingxia shear zone
started to become active. It is further suggested that the F2 folding occurred at w225e219 Ma. The
deformation age of F2 should be extended to 180 Ma based on our thermal history modeling for the
Hongyanjing Basin, which show a rapid exhumation and cooling at the late Triassic to early Jurassic
(w220ew180 Ma). In our interpretations, the F1 folding is therefore thought to be related to the ﬁnal
closure of the Paleo-Asian Ocean, while the F2 folding occurred atw225e180 Ma associated with a major
pulse of orogenesis in the BOC.
 2015, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
The Altaids (Sengör et al., 1993) or the Central Asian Orogenic
Belt (Carroll et al., 1995; Buslov et al., 2001; Jahn, 2004; Windley
et al., 2007; Xiao et al., 2009) is located between the Siberian and
Baltica cratons to the north, the Tarim and North China cratons to
the south (Fig. 1a). It’s formed by accretion of island arcs, ophiolites,
oceanic islands, seamounts, and microcontinents. The huge Alatids
collage is a result of the subduction and closure of the Paleo-Asian
Ocean and one of the largest accretionary orogen (>3000 km long
along strike) on the earth ever since (Sengör et al., 1993; Sengör andþ86 10 6201 0846.
an).
of Geosciences (Beijing).
eijing) and Peking University. Produ
c-nd/4.0/).Natal’In, 1996). The Beishan Orogenic Collage (BOC) is located be-
tween the southern Tianshan suture to the west and Solonker su-
ture to the east, formed in the last stage evolution of the Paleo-
Asian Ocean (Xiao et al., 2010) in the southernmost part of the
Altaids. Due to critical tectonic position, the BOC is a key area of
studying the tectonic history of the southern CAOB, as a result of
the evolution of the Palaeo-Asian Ocean.
So far, the time of Paleo-Asian Ocean closure and beginning of
orogenesis or intraplate deformation in the BOC area are still
controversial. Two main opinions have been advocated. The ﬁrst
group of scientists proposed that the Paleo-Asian Oceanmight have
already closed before the Devonian in the area, and subsequently
the whole region underwent intra-plate deformation, followed by
continental rifting during the Permian (Zuo et al., 1990; He et al.,
2002; Gong et al., 2003). The second group of researchers sug-
gested that the Paleo-Asian Ocean might have still existed in thection and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
Figure 1. (a) Topographic map showing the location of the Altaids, bound on the north by the Siberian (SC) and Eastern Europe cratons (EEC), and on the south by the Tarim (TC)
and North China cratons (NCC) (modiﬁed after Xiao et al., 2010). (b) Simpliﬁed tectonic map of the Beishan Orogenic Collage (BOC) (modiﬁed after Zuo et al., 1990; Xiao et al., 2010;
Guo et al., 2012). Black areas near the faults are ophiolitic mélanges. The area of Fig. 2 is marked.
Z. Tian et al. / Geoscience Frontiers 7 (2016) 181e196182Permian, and the orogenesis occurred in the Triassic (Xiao et al.,
2010; Tian et al., 2013, 2014).
To provide more detailed constraints on the timing and
magnitude of deformation in the BOC, we collected sandstones
from 13 localities in two large-scale synclinal structures for apatite
ﬁssion-track thermochronology. Therefore, this paper mainly fo-
cuses on three problems: (1) is the inferred early to middle Triassic
timing of folding in the Hongyanjing superposed folds corroborated
by apatite ﬁssion-track data? (2) Is there thermochronological ev-
idence for a Triassic to early Jurassic orogenesis in the Beishan
orogenic belt, after closure of the Paleo-Asian Ocean? (3) Are the
thermochronological cooling ages consistent with the regional
tectonic events in the Tianshan to the west and southern Mongolia
to the north or do they show a more localized signature such as
fault movement along the nearby Xingxingxia fault?
2. Geological background
2.1. Tectonic units of the BOC
Geographically, the BOC connects the Alxa desert to the east
with the Chinese Tianshan to the west. Tectonically, the BOC is
bounded by the Tarim-Dunhuang block to the south, the southern
Tianshan suture to thewest and the Solonker suture to the east, and
occupies a special area in the huge accretionary orogen of Altaids
(Fig. 1a) (Xiao et al., 2010).
The Beishan orogenic belt is a typical accretionary orogen in the
southernmost Altaids (Xiao et al., 2010; Song et al., 2013), with huge
outcrops of accretionary wedges, which contain material accreted
from the downgoing plate and sediments from the upper plate,
island arc, back-arcs, ophiolitic fragments, old continental blocks
and clastic sedimentary basins. It was often divided into several
tectonic units in previous studies (e.g. Zuo et al., 1990; He et al.,2002; Gong et al., 2003). Several recent studies within the BOC
(Xiao et al., 2010; Guo et al., 2012; Tian et al., 2013, 2014), aimed to
simplify the BOC tectonic architecture. The BOC can be differenti-
ated into (from south to north): the Dunhuang block, the Dunhuang
forearc basin, the Shibanshan CarboniferousePermian arc, the
Huaniushan-Dundunshan OrdovisianePermian arc, the Permian to
Triassic Hongyanjing Basin, the Mazhongshan Carboniferous arc
and the Queershan arc (Fig. 1b). The Dunhuang block mainly con-
tains the Dunhuang group which consists of medium- to high-
grade orthogneiss and paragneiss (GBGMR, 1969). North of the
Dunhuang block lies the largely unstudied Dunhuang fore-arc ba-
sin. The Shibanshan arc is situated on the northern margin of the
Dunhuang block and Dunghuang fore-arc basin, predominately
containing Carboniferous clastic sediments, felsic to intermediate
volcanic and pyroclastic rocks, Permian volcanic and pyroclastic
assemblages (Zuo et al., 1990). In addition, the Dundunshan-
Huaniushan arc further north consists of the so called “Achaean
Beishan complex”, Silurian schist, intrusive rocks and Devonian
conglomerates, sandstones, basalts, andesites, rhyolites, agglom-
erates, tuffs and limestones, except for these, some Carbon-
iferousePermian sediments exposed in the southern part of the arc
(Zuo et al., 1990; Xiao et al., 2010). North of the Dundunshan-
Huaniushan arc is the Hongyanjing Basin which is deﬁned by
SWeNE striking strike-slip faults (e.g. Xingxingxia fault, Liuyuan
fault and Lujiang fault). The Hongyanjing Basin contains the lower
Zhesi Group and the upper Hongyanjing Group (GBGMR,1969; Tian
et al., 2013), mainly consists of sandstones and siltstones, both of
them are strongly deformed. Further north, the Mazongshan arc is
composed of Carboniferous pyroclastic rocks, volcanic breccias,
andesites and rhyolites (Zheng et al., 1996). At last, the Queershan
arc, occupies the most northern BOC, and mainly contains Silurian
to Carboniferous andesites, dacites, rhyolites, intercalated with
grawackes, shales, and slates (Wang et al., 2004).
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The Precambrian strata mainly expose nearby the Xingxingxia
Fault (Fig. 2) in the southwestern of Pochengshan area, consist of
quartzites, marbles, chlorite quartz schists, phyllites and meta-
sandstones. The Cambrian to Ordovician strata predominantly
sandwiched cropping out between the Precambrian strata (Fig. 2),
contain cherts, shales and limestones. The Silurian strata crop out in
the east of Hongyanjing area (Fig. 2), consist of gneisses, schists,
quartzites, slates, marbles and volcanic rocks. The Carboniferous
strata predominately expose in the Pochengshan area, and consist
of andesites, rhyolites, pyroclastic rocks and volcanic breccias with
a maximum thickness ofw1.76 km, occasionally, interbedded with
conglomerate (GBGMR, 1969). The boulders from the conglomer-
ates contain early Carboniferous fossils such as Syringopora sp.;
Kueichouphyllum sp.; Gigantoproductus sp. (GBGMR, 1969).
The Permian strata that we sampled, mainly expose in the
Hongyanjiang area, can be divided into two groups, the lower Zhesi
Group and upper Hongyanjing Group (GBGMR, 1969). The Zhesi
Group consists of siltstones, bioclastic limestones, shales, and
conglomerates with a thickness of 1.4 km, while the Hongyanjing
Group is further divisible into two formations, lower and upper. The
lower formation is composed of shales, siltstones, sandstones and
conglomerates, and has a thickness of about 1.1 km. In this for-
mation there exist a plenty of fauna and ﬂora fossils such as Glot-
tophyllum cuneatum, Callipteris cf. zeilleri, C. cf. invancevia, Iniipteris
sibirica, and Nellipteris assemblage (GBGMR, 1969). The former two
species are typical of the late Angara ﬂora (Boersma andFigure 2. Geological map of the Hongyanjing Basin area in the central Beishan orogenic belt
The area of Fig. 3 is marked.Broekmeyer, 1987). The fact that no Cathaysian ﬂora has been
discovered in the formation strongly suggests the presence of the
Paleo-Asian Ocean separating the two paleobiogeographic prov-
inces at the time. The upper formation, marine to terrigeneous in
facies, is an alternation of sandstones, siltstones and shales, with a
thickness of approximately 3.2 km.
The Mesozoic strata are composed of the Jurassic Longfengshan
Group (GBGMR, 1969) in the study area, which contains coarse
sandstones and conglomerates. Some of the Jurassic strata were
deformed related to intraplate deformation (Zheng et al., 1996),
while few of them were undeformed, and unconformably overlie
the pre-Mesozoic strata. For example, in the northern part our
study area, the undeformed Jurassic strata are uncomformable on
the Permian sediments (Fig. 2).
The structure of the BOC is complicated due to the multi-polar
subduction zones and multiple stages of subduction or collision
from Cambrian to Permian (Xiao et al., 2010). The amalgamation of
those terrains (see Section 2.1) underwent intense deformation in
format of thrusts, imbrications, fold superimposition, strike-slip
faults, and magmatic activity. Besides the east-trending ophiolitic
mélange zones, regional faults include the Xingxingxia fault, the
Liuyuan fault and the Lujiang fault, all trending northeast (Fig. 1b).
The Xingxingxia fault, the largest fault among the three,Wang et al.
(2010) presented that this fault is a branch of the Altyn Tagh fault
system along the northern margin of the Tibetan plateau. The
Xingxingxia fault is 0.3e2 km wide and at least 600 km long, and
has a long and complicated history (Hendrix et al., 2001; Webb and
Johnson, 2006; Xu et al., 2008). The fault slip sense is determined(modiﬁed after 1:200,000 and 1:250,000 geological map and combined our own data).
Z. Tian et al. / Geoscience Frontiers 7 (2016) 181e196184either as dextral strike-slip in late Paleozoiceearly Mesozoic (Xiao
et al., 2010) or as sinistral at w240e235 Ma (Wang et al., 2010).
The other faults in the BOC received little research due to the severe
coverage by Quaternary sediments.
In addition, the long history of magmatism during the evolution
of the Paleo-Asian Ocean produced various types of intrusive and
extrusive magmatic rocks in the BOC. Widespread granitoid
intrusion in the region has two peaks in the Paleozoic during the
Silurian to early Devonian and late Permian to Triassic (late
Paleozoic in Fig. 2) (Mu et al., 1992; Zhang et al., 2012a,b) and, less
signiﬁcantly, two peaks during the Mesozoic, 240e238 and
225e217 Ma (Li et al., 2012). A majority of these Paleozoic intrusive
bodies seem to have the same mineralogical and geochemical
features as post-collisional granites. However, there in debate on
the age of collision as some authors suggest that the collision of the
BOC took place before early Devonian (Zheng et al., 2013) or in late
Carboniferous (Zhang et al., 2012b).
In the middle Mesozoic, intense intraplate NeS compression
took place in southern Mongolia (Johnson et al., 2001; Lamb et al.,
2008) and at the ChinaeMongolia boundary (Davis et al., 2001;
Cope et al., 2005). For example, it produced a number of large
overthrusts with a displacement of over 120e180 km in Beishan-
Gobi and southern Mongolia with the youngest middle-Jurassic
strata involved in it (Zheng et al., 1996). What was responsible for
this deformation event is poorly understood. It may represent a far-
ﬁeld effect of the westward subduction along the eastern conver-
gent margin of China (Zhang and Cunningham, 2012), the north-
ward subduction and collision between the Lhasa and Qiantang
blocks (Zheng et al., 1996).Figure 3. Satellite image of the study area downloaded from Google Earth (a) and its in
sedimentary rocks (modiﬁed after Tian et al., 2013). Fig. 4a, b are marked.3. Field geology and sampling
The Hongyanjing Basin is located in the central BOC (Figs. 1 and
2), with the northernmost edge of the basin deﬁned by the Xing-
xingxia fault and the southernmost edge deﬁned by Hongyanjing
strike-slip fault, respectively. The sediments in the study area with
an age of Permian, are strongly deformed (Fig. 3), and are charac-
terized by barren deformed outcrops of different lithologies (Figs. 4
and 5a). As shown, the region is characterized by large-scale
regional fold superimposition, involving the Permian, slightly to
mildly metamorphosed clastic rocks. Recently, Zhang and
Cunningham (2012) and Tian et al. (2013) provided a preliminary
description of the morphological features of these superposed
folds, based on a large number of structural data collected during
summer ﬁeld mapping. Two phases of folding are readily recog-
nizable both in satellite images (Fig. 3) as well as in the ﬁeld
(Fig. 5b). The ﬁrst phase folds (F1) trend either northwest or
northeast. They are sinuous in the middle and west or angular in
the east, and upright, inclined or occasionally overturned (Tian
et al., 2013). From east to west there is an important change from
lobate-cuspate to crescent to mushroom shapes, caused by a
westward decrease in plunge of the second fold axes (Tian et al.,
2013). In the ﬁrst phase of folding, axial plane cleavage (S1)
developed in the central part of the core (Fig. 5c). This phase of
cleavage affected by a second phase of cleavage (S2), forming pencil
structures (Fig. 5d).
In addition, it is not difﬁcult to determine where the beds at the
limbs are overturned or not, in the presence of a variety of sedi-
mentary structures available such as load and ﬂute casts, ripplesterpretation (b). The fold interference pattern is spectacularly developed in Permian
Figure 4. Satellite image (Download from Google earth) of the eastern superposed fold (a) and west superposed fold (b). The yellow line with the arrows indicate the axial trace of
F1, the black lines indicate the axial trace of F2. All the samples are marked on these two superposed folds.
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sure. Thirteen samples were collected from exposures at two folds
(east superposed fold and west superposed fold) in the Hon-
gyangjing Basin (Fig. 4). Samples 11HYJ06-1 to 11HYJ06-6 are from
the north limb of the eastern superposed fold. Sample 11HYJ06-1 is
from the outermost layer of the syncline, while the 11HYJ06-6 is
from the core (inner layer). Samples T3 to T10 are from the western
superposed fold, all from the north limb of F2. T3 and T7 are from
the south limb of F1, T4-T6, T8 and T10 are from the north limb of F1.
T4 is form the outermost layer of F1, while T5 and T10 are from the
core. Portable GPS was used for determination of the location of
each sample (Table 1).
4. Fission-track methodology
Apatite crystals were separated from 3 to 4 kg rock samples
using conventional heavy liquid and magnetic techniques.
Approximately 200e1500 crystals of apatite were picked persample. Analytical procedures were completed in the State Key
Laboratory of Earthquake Dynamics, Institute of Geology, China
Earthquake Administration, using the external detector method
(Green et al., 1982; Hurford and Green, 1983). Apatite was
embedded in epoxy resin, polished to expose the internal surfaces
of the crystals and etched in 5.5 N HNO3 at 20 C for 20 s to reveal
238U spontaneous ﬁssion tracks. The internal surfaces of the crystals
were then covered with low-uranium muscovite external de-
tectors. The crystals with external detectors were packed together
with IRMM-540R standard dosimeter glass and irradiated in the
Oregon State TRIGA Reactor in Oregon State University Radiation
Center, USA. Induced tracks were revealed in muscovite external
detectors by etching in 40% HF at room temperature for 20 min.
Fission tracks counting and track-length measurements were done
under an Autoscan Fission-track Dating system with a Zeiss Axio-
plan 2microscope (100 dry objective) in the State Key Laboratory of
Earthquake Dynamics, Institute of Geology, China Earthquake
Administration. The apatite crystals were dated by using the Zeta
Figure 5. Photographs showing barren mounds (a) in the study area, the tent for scale; hinge zone of F1 in the eastern superposed fold (b). (c) Axial planar slaty cleavage (S1)
associated with F1 folding at the core of western superposed fold, see Fig. 4b; (d) two stages of cleavage intersected forming pencil structure; (e) ripple sedimentary structure.
Table 1
Apatite ﬁssion track data from the Hongyanjing Basin, Beishan orogenic belt, Gansu, NW China.
Sample
number
Sample location Stratigraphic age
and lithology
Nc rd (Nd)
(105 cm2)
rs (Ns)
(105 cm2)
ri (Ni)
(105 cm2)
P(x2) % Peak age
(Ma 1s)
Dpar
(mm  1s)
Standard
deviation
Length
(mm  1s) (N1)
Standard
deviation
Eastern Superposed fold
11HYJ06-1 414804800N
960901300E
P2hn2a
sandstone
43 14.50
(1741)
11.866
(814)
17.128
(1175)
12 170  20
113.1  14
3.45  0.13 0.6 11.1  0.69
67
1.6
11HYJ06-2 414804900N
960804700E
P2hn2a
sandstone
41 14.52
(1744)
8.627
(685)
10.315
(819)
76 204  16
131  11
3.42  0.11 0.6 12.6  0.66
125
1.7
11HYJ06-3 414804600N
960802100E
P2hn2a
sandstone
76 14.55
(1748)
7.471
(1796)
9.542
(2294)
16 175  12
115  13
3.3  0.12 0.6 12  0.52
141
1.5
11HYJ06-4 414804800N
96070300E
P2hn2a
sandstone
31 14.59
(1752)
6.105
(536)
7.506
(659)
53 187  19
112  19
3.4  0.1 0.6 12.6  0.7
73
1.8
11HYJ06-5 414804400N
960702200E
P2hn2a
sandstone
56 14.62
(1757)
7.162
(896)
7.802
(976)
99 183  12 3.1  0.1 0.5 12.2  0.56
95
1.67
11HYJ06-6 414804200N
960700100E
P2hn2a
sandstone
128 14.67
(1762)
5.651
(2118)
6.753
(2531)
83 186  10
116  6
3.4  0.1 0.5 12.6  0.45
140
1.4
Western Superposed fold
T3 414800600N
955901000E
P2hn2b
sandstone
34 14.34
(1721)
13.592
(1245)
12.74
(1167)
14 245 ± 28
182  19
3.3  0.16 0.7 9.4  0.69
71
1.7
T4 414802100N
955903700E
P2hn2b
sandstone
22 14.34
(1721)
11.995
(908)
24.359
(1844)
61 118.5  8.2 3.17  0.14 0.5 10.5  0.96
30
1.9
T5 414801700N
955805500E
P2hn2b
sandstone
31 14.36
(1724)
7.59
(504)
8.599
(571)
100 173  13 2.96  0.1 0.6 11.56  0.6
42
1.68
T6 414802000N
955900400E
P2hn2b
sandstone
31 14.38
(1727)
6.092
(594)
6.297
(614)
100 190  14 3.3  0.14 0.6 11.8  0.57
65
1.4
T7 414800900N
955901200E
P2hn2b
sandstone
39 14.41
(1729)
6.531
(689)
6.882
(726)
100 187  13 3.2  0.25 0.8 10  0.55
41
1.2
T8 414802900N
955804800E
P2hn2b
sandstone
38 14.44
(1733)
10.936
(853)
12.179
(950)
100 177  11 3.4  0.19 0.8 11.6  0.71
77
1.6
T10 414801900N
955804300E
P2hn2b
sandstone
83 14.47
(1738)
8.883
(1169)
10.426
(1372)
81 198  13
124  9
3.4  0.12 0.5 11  0.59
135
2.3
Nc, number of apatite crystals analyzed per sample; rd, induced track density in external detector adjacent to IRMM540 dosimetry glass; Nd, number of tracks counted in
determining rd; rs, spontaneous track density in analyzed apatite crystals; Ns, number of spontaneous tracks counted; ri, induced track density in external detector for analyzed
crystals; Ni, number of induced tracks counted; P(x2), chi-square probability; The pooled age (peak age) is reported for samples with P(x2) greater than (less than) 5% as they pass
(fail) the x2 test; Nl, number of measured conﬁned track lengths. Age column: three groups of age, bold, the largest age,w243 Ma; normal, 204e173 Ma; italic,w131e112 Ma.
Figure 6. Fission track grain age distribution for samples (11HYJ06-1 to 11HYJ06-6) from the eastern superposed fold in Figs. 3 and 4a. These ﬁgures drew with the help of Radial
Plots, version 7.4 created by Pieter Vermeesch, London Geochronology Centre.
Z. Tian et al. / Geoscience Frontiers 7 (2016) 181e196 187calibration method (Hurford and Green, 1983; Hurford, 1986, 1990)
with the personal z values of 277 12. The analytical data are listed
in Table 1. It should be noted that our Dpar values are range from
2.96 to 3.45 mm, much bigger than 1.75 mm, indicating a difﬁcult
annealing characteristic. This character may be related to high
chlorine contents (Donelick et al., 2005).AFT ages for individual grains were plotted on Radial Plots
(Vermeesch, 2009), the central age for each sample was calculated.
Table 1 shows the central age. In addition, the radial plot is further
used as an age discrimination tool because of multiple AFT age-
population with large (>20%) age dispersion. To further under-
stand the thermal history of the Hongyanjing Basin, thermal history
Figure 7. Fission track length distribution for samples (11HYJ06-1 to 11HYJ06-6) from the eastern superposed fold in Figs. 3 and 4a.
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(Ketcham et al., 2007) with the annealing model of Ketcham et al.
(2007) based on the apparent AFT ages and the conﬁned
track length data (Ketcham, 2005). HeFTy presents candidate
timeetemperature paths using a constrained Monte Carlo scheme
that allows the user to specify teT box-constraints through which
each statistically acceptable teT path must pass.
5. Fission-track results
All the apatite ﬁssion track results for two superposed folds are
shown in Table 1. Ages and lengths distribution for the eastern
superposed fold are shown in Figs. 6 and 7, respectively. The ther-
mal history modeling diagrams for some samples are shown in
Fig. 8. Ages, lengths and thermal history models for the western-
most superposed fold are shown in Figs. 9e11, respectively.
5.1. Samples from the eastern superposed fold
Fission track samples from the eastern superposed fold (Fig. 4a)
yield central AFT ages ranging from w183 to 140 Ma, age-peak
discrimination using radial plot yield two peak ages: 112e131 Ma
and 170e204 Ma (Fig. 6). At the outermost layer of the eastern
superposed fold (Fig. 4a), sample 11HYJ06-1 yields a central AFT
age of w140 Ma, and two peak ages, 170 and 112 Ma (Table 1 and
Fig. 6a). Similarly, 11HYJ06-3 from the central layer of F1 (Fig. 4a),
also has two peak ages, 175 and 115 Ma (Table 1 and Fig. 6c). In
addition, sample 11HYJ06-2 yields a central AFT age (166 Ma) andtwo peak ages, 204 and 131 Ma (Table 1 and Fig. 6b). Samples
11HYJ06-4, 11HYJ06-5 and 11HYJ06-6 are from the inner layers of
F1 in the eastern superposed fold (Fig. 4a), the central AFT ages for
them are 163, 183 and 167 Ma, respectively. They yield very similar
peak ages which are 112 and 187, 183 Ma, and 116 and 186 Ma,
respectively (Table 1 and Fig. 6def). Track length distributions for
each sample are shown in Fig. 7, all the samples show very similar
length range from 8 to 15e17 mm, with mean lengths of
11e12.6 mm.
To constrain the thermal histories of these samples, this paper
used HeFTy Ketcham’s et al. (2007) to model two samples
(11HYJ06-2 and 11HYJ06-5) where large numbers of track lengths
could be measured (Fig. 7). Before modeling, two parts of questions
should be noted here: ﬁrstly, studied samples in this paper are all
sandstones, and from the upper Permian Hongyanjing Group
(Fig. 3). The thickness of upper Permian Hongyanjing Group is
4.3 km (1.1 km for lower Formation of the upper Permian Hongyang
Group and 3.2 km for upper Formation, Section 2.2). The strata
were constrained by late Permian Angara ﬂora such as Glotto-
phyllum cuneatum (GBGMR, 1969). In addition, Tian et al. (2015)
studied the sandstones in the Hongyanjing Basin, and found sam-
ple 11PCS04 containing a youngest detrital population of zircons
that has an age of 249 Ma (Fig. 2). Therefore, the ﬁrst constraint
domain (constraint 1 in Fig. 8) for modeling are the deposition age
of the strata which should be range from 280 to 250 Ma at the
temperature from 10 to 70 C. Secondly, based on the previous data
(GBGMR, 1969; Tian et al., 2013, 2015): (1) the Triassic strata
deposited on the Permian sandstones; most AFT ages are younger
Figure 8. Modeling results for samples (11HYJ06-2 and 11HYJ06-5) from the eastern superposed fold in Figs. 3 and 4a. These pictures drew with help of HeFTy Beta version 2,
Richard A. Ketcham, 2007. All cooling paths shown are consistent with observed ﬁssion track age and track length data. Modeling runs for different samples yield highly consistent
results, with a major episode of Heating and burying history from 260 to 230e220 Ma, and an episode of major cooling from 230 to 220 to 190e180 Ma. Notice: the black bold line
indicates weighted mean path.
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stones) demonstrating that the samples have experienced palae-
otemperatures over 120 C during burial; (2) an undeformed, 50 cm
wide diabase dike that intruded deformed sediments and trans-
ected the axial planes of F2 folds has a zircon age of 219.0  1.2 Ma.
Combined with the youngest detrital population of zircons of
249 Ma, indicated that the Hongyanjing Basin underwent strongdeformation between 249 and 219 Ma. According to the deposition
and deformation inﬂuence, the temperature in the Hongyanjing
Basin should be up to w170 C (w5.7 km, if the geothermal
gradient is 30 C/km) at the age fromw250 to 220Ma; (3) Gillespie
(2015), modeled samples from the Xingxingxia shear zone and
found an episode of rapid cooling through the apatite ﬁssion track
partial annealing zone (APAZ) during the Triassiceearly Jurasic
Figure 9. Fission track grain age distribution for samples (T3, T4, T5, T6, T7, T8 and T10) from the western superposed fold in Figs. 3 and 4b. These ﬁgures also drew with the help of
Radial Plots, version 7.4 created by Pieter Vermeesch, London Geochronology Centre.
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Figure 10. Fission track length distribution for samples (T3, T4, T5, T6, T7, T8 and T10) from the west superposed fold in Figs. 3 and 4b.
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at the temperature varying from 60 to w170 C as a second
constraint.
Sample 11HYJ06-2, was collected from the outer layer of F1 in
the eastern superposed fold (Fig. 4a), the modeling thermal history
shows an episode of major burying history from 260 to w220 Ma
(Fig. 8a), indicates a rapid phase of heating through the APAZ at the
time. Followed by this stage, the result shows an episode of cooling
history from w220 to w180 Ma, which indicates a rapid phase of
cooling through the APAZ at the time. Sample 11HYJ06-5 collected
nearby the core of the eastern superposed fold (Fig. 4a), shows the
similar result with 11HYJ06-2 (Fig. 8b), its thermal history contains
a rapid phase of heating through the APAZ from 260 to 230 Ma, and
followed by a phase of cooling through the APAZ from w230 to
w180Ma.Moreover, in Fig. 8a, thermal history for sample 11HYJ06-
2 also shows a slow cooling episode range from early Jurassic to late
Cretaceous (180e80 Ma) at the temperature fromw95 to 70 C. Atlast, from 60 to 50 Ma onwards, the thermal history model shows a
rapid cooling phase from w75 C until present-day outcrop tem-
peratures (Fig. 8a). However, it should be noted here that this
Cenozoic cooling phase is underconstrained and is likely a
modeling artefact, in this paper we therefore do not consider it as a
rapid cooling phase.
5.2. Samples from the west superposed fold
Samples from thewestern superposed fold (Fig. 4b) yield central
AFT ages ranging from 206 to 118 Ma (Fig. 9). Age-peak discrimi-
nation by radial plot obtains three peak ages:w245, 198e173, and
124e118Ma (Table 1 and Fig. 9). Sample T3, from the southern limb
of F1 in the western superposed fold (Fig. 4b), is located in the outer
layer of the syncline, yields a central AFT ages of 206 Ma, and two
peak ages, 245 and 182 Ma (Table 1 and Fig. 9). T4 is located in the
outermost layers of the syncline (Fig. 4b), obtains a central AFT age
Figure 11. Modeling results for samples (T5 and T6) from the west superposed fold in Figs. 3 and 4b. These pictures drew with help of HeFTy Beta version 2, Richard A. Ketcham,
2007. All cooling paths shown are consistent with observed ﬁssion track age and track length data. The results of T5 indicate an episode of burying history during late Permian to
late Triassic (260e235 Ma), the followed by an episode of cooling history during late Triassic (235e210 Ma). From w210 Ma, the thermal history model shows very slow cooling
from 80 C until early Cenozoic, then the thermal history model shows a rapid cooling from w75 C until present-day outcrop temperatures. Sample T6 indicates an episode of
major burying history from late Permian to late Triassic (260e220 Ma). Unlike T5, the thermal history of T6 stays at the APAZ after heating, and followed by slow cooling during the
late Triassic to middle Jurassic (220e170 Ma). Notice: the black bold line indicates weighted mean path.
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T5, T6, T7, T8 (Fig. 4b), yield four central AFT ages (equal to peak
ages) 173, 190, 186 and 177 Ma, respectively. T10 obtains a central
AFTages of 168Ma, and two peak ages,198 and 124Ma (Table 1 and
Fig. 9). Track length distributions for each sample is shown in
Fig. 10, all the samples show very similar length range from 5 to
15e17 mm, with mean lengths from 9.4 to 11.6 mm.Thermal history modeling also carried out for two samples (T5
and T6), the results are shown in Fig. 11. Notice that the constrained
domains used for these two samples are the same as those samples
from the eastern superposed fold. T5 was collected from the core of
the western superposed fold (Fig. 4b), the result shows an episode
of major burying history during late Permian to late Triassic
(260e230 Ma) (Fig. 11a), indicates a rapid phase of heating through
Figure 12. Schematic diagram showing the evolution of the Hongyanjing Basin: (a)
deposition from 280 to 260e250 Ma, sediments from the north and south transported
into the basin and buried; (b) deposition of the Triassic sediments, and deformation of
the Permian sediments, the basin underwent ﬂexing at 260e250 to 230e220 Ma; (c)
exhumation occurred 230e220 to 190e180 Ma.
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cooling history during late Triassic (230e200 Ma) was shown,
which indicates a rapid phase of cooling through the APAZ at the
time. From w200 Ma, the thermal history model shows very slow
cooling from 80 C until early Cenozoic (Fig. 11a). T6 was collected
in the northern limb of F1, nearby the core of syncline in the
western superposed fold (Fig. 4b), the result indicates an episode of
major burying history from late Permian to late Triassic
(260e210 Ma) (Fig. 11b). Unlike sample T5, the thermal history of
T6 stays at the APAZ after heating, and followed by slowing cooling
during the late Triassic to late Cretaceous (220e65 Ma).
Accordingly, samples from the Hongyanjing Basin yield central
AFT ages ranging from w206 to 118 Ma. Age-peak discrimination
from radial plot (Figs. 6 and 9) divide the peak ages into three
groups: 245, 204e170, and 112e131 Ma. Thermal history results of
the samples from the Hongyanjing Basin roughly divided into three
stages (Figs. 8 and 11): (1) an episode of major burying history from
w260 to w220 Ma; (2) an major cooling phase from w220 to
w180 Ma; (3) an episode of very slow cooling from w180 Ma to
Mesozoic.6. Discussion and conclusion
The apatite ﬁssion track data obtained from the two superposed
folds in the Hongyanjing inter-arc basin, allow us to comment onthe Mesozoic thermal history of the Hongyanjing inter-arc basin
and the deformation age of the superposed fold. Combined with
previous regional geological data, we suggest that the Mesozoic
intracontinental deformation history of the Hongyanjing Basin
experienced two stages of deformation. We further discuss the age
of orogenesis in the BOC in respect to other regions within the
Altaids.
6.1. Thermal history of the Hongyanjing Basin
The Hongyanjing Basin received huge Permian sediments,
including the lower Permian Zhesi Group with the thickness of
1.4 km and the upper Permian Hongyanjing Group with the
thickness of 4.3 km (Fig. 12a). Sediments in the basin mainly
derived from the Huaniushan-Dundunshan arc to the south and the
Mazongshan arc to the north, or from the Central Tianshan arc
further west (Tian et al., 2015). After large quantities of sediments
were deposited in the late Paleozoic, the Hongyanjing Basin un-
derwent the last stage closure of Paleo-Asian Ocean such as amal-
gamation with other terranes, and experienced Mesozoic
orogenesis (Xiao et al., 2010; Tian et al., 2015). Thermal history
modeling (Figs. 8 and 11) of the Hongyanjing Basin indicates three
phases of basin evolution: (1) late Permian to late Triassic
(260ew220 Ma) burying and heating history; (2) late Triassic to
early Jurassic (w220ew180 Ma) rapid cooling and exhumation
history; (3) early Jurassic to end Cenozoic (180e65 Ma) slow
cooling history.
Because of the overlying strata and intense deformation, the
sediments in the Hongyanjing Basin should be buried into
4.6e6 km in the ﬁrst stage, inducing the late Permian to late Triassic
(260ew220) heating. Assuming the geothermal gradient is 30 C/
km, the corresponding temperature ranges from 140 C to 180 C.
Therefore, most of the apatite crystals are heated over the partial
annealing zone (PAZ). The time of this heating thermal event is very
close to the activity age of the Xingxingxia shear zone, which is
located at the northwest boundary of the Hongyanjing Basin
(Fig. 2). UePb zircon sensitive high-resolution ion microprobe
(SHRIMP) dating, and muscovite, biotite, and K-feldspar 40Ar/39Ar
thermochronology indicate that sinistral shear along the Xing-
xingxia shear zone initiated at w240e235 Ma (Wang et al., 2010).
The second stage, late Triassic to early Jurassic exhumation and
cooling (w220ew180Ma) (Fig. 12c), is consistent with AFT data for
granitoid samples from Xingxingxia shear zone and Liuyuan area
by Gillespie (2015). Theirs results indicate two distinct phases of
exhumation during (1) the late Triassiceearly Jurassic
(w225e180 Ma), (2) early Cretaceous (w130e95 Ma). In addition,
the last stage for the Hongyanjing Basin is early Jurassic to end
Cenozoic (180e65 Ma) slow cooling. Apatite Helium ages of
w70e60Ma for the Liuyuan and the Dunhuang area suggest an end
Mesozoic to early Cenozoic cooling event in the south of the
Beishan (Gillespie, 2015).
Accordingly, the Hongyanjing Basin should be experienced: (1)
deposition from 280 to 260e250Ma, sediments from the north and
south transported into the basin (Fig. 12a); (2) deposition of the
Triassic sediments and deformation of the Permian sediments
(Fig. 12b), ﬂexing at 260 tow220 Ma, which are consistent with an
burying and heating thermal history; (3) exhumation and rapid
cooling occurred at late Triassic to early Jurassic (w220ew180 Ma)
(Fig. 12c).
6.2. Deformation age of the superposed fold in the basin
Based on the ﬁeld mapping and detrital zircon UePb geochro-
nological study, Tian et al. (2015) concluded that the Hongyanjing
Basin was most likely an inter-arc basin between the Mazongshan
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tionary wedge of the BOC (Fig. 1). Regarding the deformation age of
the superposed fold in the Hongyanjing Basin, it is proposed that
the superimposition event occurred between 249 and 219 Ma (Tian
et al., 2013, 2015). These two age constraints are: (1) the deposition
of the sediments in the Hongyanjing Basin pre-dates the fold su-
perimposition events, the youngest population of zircons in
deformed Permian sandstones has a UePb age of 249 Ma sug-
gesting that the deformationmust have been in the early Triassic or
later; (2) an undeformed, 50 cm-wide diabase dike that intruded
deformed sediments and transected the axial planes of F2 folds has
a zircon age of 219.0  1.2 Ma. In another word, sediments in the
Hongyanjing Basin (Fig. 3) underwent F1 and F2 superimposition
folding between 249 and 219 Ma.
However, what was the deformation age of F1? From our ther-
mal modeling study, sediments in the Hongyanjing Basin under-
went the late Permian to late Triassic (260ew220 Ma) burying and
heating (Fig. 12b), we tentatively present that this event related to
F1 deformation based on the following reasons: (1) until 220 Ma,
the thickness of Triassic strata was not enough thick to bury the
Permian sediments intow5e6 km (150e180 C), the deformation
(F1 folding) should be inﬂuence the basin and bury the Permian
sediments more deep (Fig. 12b). This could happen because the
geometry characteristic of F1 has a vertical axial plane and hori-
zontal hinge, the material go up and down when folding occur-
rence; (2) consider the F2 compression was almost parallel to the
axial plane of F1, this indicate that F2 with vertical axial plane and
nearly vertical hinge predominately caused horizontal material
movement instead of perpendicular (up and down) material
movement. In another word, F1 can take the sediments passing
through the APAZ, but not F2; (3) the age of this heating thermal
event is very close to the activity age of the Xingxingxia shear zone
at the northwest boundary of the Hongyanjing Basin (Fig. 2), UePb
zircon sensitive high-resolution ion microprobe (SHRIMP) dating,Figure 13. Interpretive 3D diagram illustrating the tectonic setting of the Beishan orogenic c
Hongyanjing Basin was developing as a Permian inter-arc basin between the Mazongshan a
the end-Permian, all the units in the BOC were amalgamated together, after this, the wholand muscovite, biotite, and K-feldspar 40Ar/39Ar thermochronology
indicate that sinistral shear along the Xingxingxia shear zone
initiated atw240e235 Ma (Wang et al., 2010).
Accordingly, F1 folding should be occurred at early to late
Triassic (w240ew220 Ma) or earlier, affected by regional stress.
When the Xingxingxia shear zone started to movement, the sedi-
ments in the Hongyanjing Basin began to experience intense
deformation (F1 formed). This age is consistent with the 40Ar/39Ar
age 225Ma from SWMongolia dated by Lehmann et al. (2010), who
suggested it reﬂects the orthogonal tectonic switch from, and onset
of the Tarim-North China Craton collision to the accretionary tec-
tonics in SWMongolia. We therefore tentatively present that the F1
folding in the superimposition event occurred at w240e225 Ma,
the F2 folding occurred atw225e219Ma. The deformation age of F2
should be extended to 180 Ma based on our thermal history
modeling for the Hongyanjing Basin, which show a rapid exhu-
mation and cooling at the late Triassic to early Jurassic
(w220ew180 Ma).
6.3. Implication for the BOC and its adjacency regions
Considering the fact that the F1 folding compressionwas almost
perpendicular to the trend of the end Permian to early Triassic
subduction zone (Xiao et al., 2010), we suggested that the collision
of the Mazongshan volcanic arc, Hongyanjing Basin and
Dundunshan-Huaniushan arc to the north with the Tarim and
Duanhuang blocks to the south marked the ﬁnal amalgamation in
this region of the BOC (Fig. 13). The ﬁrst thermal history stage (a
burying and heating thermal history from 260 tow220 Ma) of the
Hongyanjing Basin, is suggested relate to the F1 folding in the su-
perimposition event which occurred atw240e225 Ma. This result
is consistent with the previous studies, e.g. Lehmann et al. (2010),
Tian et al. (2013, 2015). At the same time, the Xingxingxia shear
zone started to move with sinistral strike-slip kinematic characterollage (BOC) in the (a) end-Permianeearly Triassic to (b) late Triassiceearly Jurassic. The
rc to the north and the Huaniushan-Dundunshan arc to the south (Tian et al., 2015). In
e area experienced a Triassic orogenesis due to strong plate margin interactivity.
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matic origin might be from (1) the Altyn Tagh fault zone, which is a
northern far-ﬁeld, stress-release boundary that formed along the
southern margin of the Eurasian continent during closing of the
Paleo-Tethys oceanic in the late Permianeearly Triassic, or (2) the
southern boundary of the central Tianshan orogenic belt, which is
an earlier thrust and superposed sinistral strike-slip fault zone
(w310e290 Ma) (Laurent-Charvet et al., 2003; Yang et al., 2004).
However, in this paper, we suggested that the Xingxingxia fault (or
Xingxingxia shear zone) is the boundary between arc and arc
(Dundunshan-Huaniushan arc and central Tianshan arc), or arc and
basin (the Mazongshan arc and the Hongyanjing Basin). Its move-
ment atw240e235 Ma should be related to the ﬁnal closure of the
Paleo-Asian Ocean.
Moreover, the second thermal history stage (an episode of major
cooling from 230e220 to 190e180 Ma) of the Hongyanjing Basin,
might be related to the F2 folding in the superimposition occurred
at w225e180 Ma. This event is consistent with the Mesozoic
intense intraplate NeS compression took place in southern
Mongolia (Johnson et al., 2001; Lamb et al., 2008) and at the China-
Mongolia boundary (Davis et al., 2001; Cope et al., 2005). Gillespie
(2015) have done a thermochronological study on many granitoid
samples along a NeS transect through the BOC. AFT and apatite
U-Th-Sm/He data indicated three distinct phases of exhumation
during (1) the late Triassic to early Jurassic (w225e180 Ma), (2)
early Cretaceous (w130e95 Ma) and (3) late Cretaceous to early
Palaeogene (w75e60 Ma). As for the late Triassic to early Jurassic
(w225e180 Ma) cooling and exhumation event, they suggested
that the collision or accretion of the Qiangtang block with the
southern Eurasian continental should provide the major dynamic.
In addition, many other studies on the thermal history of the
neighboring regions (e.g. Gobi Altai, Tianshan and Altai) are
consistent with our result (Dumitru and Hendrix, 2001; Glorie
et al., 2010, 2011; Jolivet et al., 2010; De Grave et al., 2011, 2012,
2013, 2014; Zhang et al., 2011; Glorie and De Grave, 2015; Zhang
et al., 2015).
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